酸性坑廃水中和殿物の六方晶フェライトとしての有効利用 by Liu Mei





    Summary of Ph.D Dissertation 
Valorization of Acid Mine Drainage Sludge 
in Hexaferrite Production 
(酸性坑廃水中和殿物の六方晶フェライト 
としての有効利用) 
Supervisors: Etsuro Shibata & Atsushi Iizuka 
Thesis by: 
Mei Liu (劉媚) 




Chapter 1 Introduction 
Acid mine drainage (AMD) is formed both in active and abandoned mines. The main 
source of it is oxidation of sulfide minerals when they are exposed to air and water during 
or after mining activities. The acid runoff further dissolves heavy metals, such as copper, 
lead, mercury, and zinc. Once AMD is formed, its generation can continue for hundreds 
of years, even when a mine is abandoned. Owing to its high acidity and high concentration 
of dissolved metals, AMD causes serious environmental problems for soils, water 
resources, and aquatic communities (Kefeni, et al., 2017). 
In Japan, neutralization plants for the treatment of AMD are operated at approximately 
80 of 5500 abandoned mine sites (Ueda and Masuda, 2005). Information concerning the 
production and composition of AMD sludge at these sites is currently limited. Zinck and 
Griffith (2013) surveyed AMD treatment and sludge management practices at 108 mine 
sites around the world, of which 66 sites were in Canada. The average annual production 
of dry sludge was about 9500 t, with production ranging from 20 to 135 000 t of dry 
sludge. By analogy, we estimate that large amounts of metal-rich sludge are produced 
during the neutralization treatment of AMD in Japan. To date, most AMD sludge in Japan 
has been deposited on land near mine sites. In addition to the problem of land occupation, 
the deposition of such sludge may result in severe pollution, such as risks of toxic metal 
migration from sludge to land, and the risk of sludge outflow caused by earthquakes. New 
technologies for AMD sludge recycling are therefore in high demand. 
A promising method to recycle AMD sludge is proposed in this thesis. Two types of AMD 
sludge sampled from different abandoned Japanese mines are systematically studied for 
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this objective. The main purposes of this thesis include: 
(1) Completely reuse AMD sludge as both alternative iron and calcium sources to 
synthesize value-added M-type hexaferrite. Reduction of sludge accumulation in deposits 
at mine sites are expected. 
(2) Chemical reactions and mechanism of hexaferrite preparation from AMD sludge are 
proposed and compared with sludge free pathway. A fundamental understanding of the 
behavior of metal-rich sludge in M-type hexaferrite processing will be achieved.  
(3) The magnetic properties and leaching behavior of AMD sludge-derived products are 




Chapter 2 Ferrites and Waste-derived Ferrites 
Ferrite is an important functional material with unique magnetic, electrical, chemical and 
chromatic properties that enable it to be widely applied in magnetics, electromagnetic 
absorbers, adsorbents, catalysts, and pigments, amongst other applications. Ferrites 
comprise a huge family of compounds that are composed of iron oxide combined 
chemically with one or more metallic elements. Metal-rich wastes therefore have 
potential for use in ferrite processing. Fe2O3 from pickling waste liquors has long been 
used as an iron source in commercial production of ferrites (Murase and Hirai, 1993). 
Recent studies extended to the use of sludge (Lu et al., 2008; Marcello et al., 2008; Chen 
et al., 2010; Hajjaji et al., 2013), waste battery materials (Peng et al., 2008), slag (Schwarz 
et al., 2012), mill scale (Ahmed et al., 2010), and waste catalysts (Hwang et al., 2006) as 
sources of ferrites. 
Final applications of ferrites are usually related to their structure. Generally, ferrites can 
exist as spinel, hexagonal, or garnet structures, as shown in Fig. 2.1. The preferred type 
of crystal structure is determined by the size and charge of the metallic cations that 
balance the charge of the oxygen anions and the relative amounts of these ions (Goldman, 
2006). 
Hexagonal ferrite with the magnetoplumbite structure has the general formula MeFe12O19, 
where Me can be Ba, Sr, Pb, or Ca. Since it was discovered in the 1950s, M-type barium 
hexaferrite BaFe12O19 and its substituted or doped materials have been widely used in 
magnets, microwave devices, magnetic recording media, microwave absorbers, gas 
sensors, adsorbent, and so forth. 
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Figure. 2.1. Schematic representations of (a) spinel, (b) hexagonal, and (c) garnet 
ferrite structures. 
In recent years, various types of metal-rich wastes have been used in the processing of 
spinel ferrite, whereas waste-derived hexagonal ferrites are rare; waste-derived garnet 
ferrite has not, to our knowledge, been reported to date. Table 2.1 presents the types of 
waste used in ferrite processing, together with their roles, final products, and impurities.  
Impurities in wastes affect the properties of waste derived ferrites. Purification processes 
increase costs and consequently weaken the practicality of using wastes to prepare ferrites. 
Future work is needed to clarify the effects of impurities in potential wastes and minimize 
the adverse impact on ferrite products by optimizing the preparation process to use with 
as few purification steps as possible. 
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Ferrite product Impurities  Ref. 
Copper sludge √ Cu CuFe2O4 
Ca, Mg, Al, 
Si 
Lu et al., 2008 
Coal mine drainage 
treatment sludge 
√ × (Zn,Cr)Fe2O4 
Ca, Mg, Mn, 
Al, Si 







(Cu,Ni,Zn)Fe2O4 Ca, Cr 







(Cu,Ni,Zn)Fe2O4 Ca, Cr 








Ca, Cu, Mg, 
Ni, Zn, Al, 
Cr, Si 
Hajjaji et al., 
2013 
Zn-Mn dry batteries × Mn, Zn (Mn,Zn)Fe2O4 Cu 
Peng et al., 
2018 
Metallurgical slag √ Ca, Zn (Ca,Zn)Fe2O4 Pb, Cu, Si 
Schwarz et al., 
2012 
Waste iron oxide 
catalyst 
√ × (Ni,Zn)Fe2O4 Mg, Ca, Mn Hwang, 2006 
Mill scale √ × MgFe2O4 Ca, Al, Si 
Ahmed et al., 
2010 
Steel pickling liquor √ × (Mn,Zn)Fe2O4 Ca Liu et al., 2007 






Lopez et al., 
1998 
Mn-Zn ferrite waste √ Mn, Zn (Mn,Zn)Fe2O4 Ca, Mg, Si Li et al., 2011 
Gypsum Board × Ca 
Ca2Fe2O5 
CaFe2O4 
Mg, Zn, Cu, 
Al, Si 





Chapter 3 Sampling and Characterization of Acid Mine 
Drainage Sludge 
A large amount of sludge is generated from the neutralization treatment of acid mine 
drainage (AMD), which may cause severe environmental problems. In this chapter, two 
types of iron-rich AMD sludge sampled from different abandoned Japanese mines are 
studied to examine the potential to reuse such sludge in ceramic materials by thermal 
treatment.  
Figure. 3.1. Simplified flowsheets for sludge generation from AMD neutralization 




As shown in Fig. 3.1(a), Sludge A was generated from a CaCO3 and Ca(OH)2 two-step 
neutralization process. The excess sludge was dewatered by a plate filter press, followed 
by natural drying in an AMD treatment plant. Naturally dried Sludge A was sampled from 
the plant. Sludge B was generated by aerated bacteria oxidation followed by CaCO3 
neutralization (see Fig.3.1 (b)). Without dewatering and drying in the treatment plant, the 
excess sludge was naturally thickened in a sludge dam by gravity settling. Sludge B was 
sampled from the sludge dam. The characteristics of AMD sludge depend on the nature 
of AMD and treatment process. The results showed significant differences between 
Sludges A and B. Sludge A had a light brown color and 41.5% moisture content, whereas 
Sludge B was orange and contained 69.3% moisture. Both sludge were rich in iron. The 
sulfur content of Sludge B was more abundant than that of Sludge A. The contents of 
aluminum, silicon, calcium, and other impurities were obviously higher in Sludge A. 
The micrographs of both sludge showed sludge flocs agglomerated to a few microns in 
length. XRD patterns and TG-MS results suggested that Sludge A contained amorphous 
iron hydroxides and excess neutralizer in the form of Mg0.064Ca0.936CO3, whereas 
crystalline -FeOOH (ICDD, PDF #01-075-5065) and ferric sulfate were identified in 
Sludge B.  
Heating both sludge to 900, 1000, 1100, and 1200°C, respectively, the hydroxides, 
carbonates, and sulfates in the AMD sludge samples decomposed during thermal 
treatment and new crystalline phases formed. -Fe2O3 (ICDD, PDF #01-084-0308) was 
identified as the main crystalline phase in all samples. -Fe2O3 has a red color, which can 
be used as a pigment in ceramic enamels and porcelain bodies (Prim et al., 2011). 
Furthermore, there is great potential to use it as a raw material to fabricate value-added 
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ferrite ceramics. 
The common impurities in AMD sludge, such as Al and Si, may have negative effects on 
potential applications. For Sludge A, with a higher content of impurities, the influence of 
second phases, such as aluminosilicates, should be considered.  
Leaching behavior variation after calcination of both sludge using acetic acid solution 
and distilled water as extraction fluids suggested that the stability of AMD sludge can be 
increased to a certain degree by thermal treatment; however, amorphous aluminosilicates 
formed by Al and Si impurities at lower temperatures weakened its stability. Another 
limitation is the content of As in the AMD sludge. The residual As in heat treated sludge 
samples leached more easily. The enhanced mobility and volatilization of As impurity by 
thermal treatment also limits the application of AMD sludge.  
The composition of an AMD sludge is generally site-dependent. Sludge B, with a higher 
content of Fe and lower contents of Al, Si, and As is considered to have a wider range of 
applications in ceramic processing when compared with Sludge A. 
Applications insensitive to aluminum and silicon impurities and products with higher 
stability for arsenic will be studied further to improve the feasibility of using sludges with 
high impurity contents, such as Sludge A. 
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Chapter 4 Acid Mine Drainage Sludge as an Alternative Raw 
Material for M-type Hexaferrite Production 
In this chapter, AMD sludge was recycled as both alternative iron and calcium sources to 
synthesize calcium-substituted M-type hexaferrite powders by solid-state reaction. 
Considering the economic feasibility, we decided to completely reuse the AMD sludge 
without a preliminary purification process. Mixtures with different combinations of two 
types of AMD sludge (A and B), -Fe2O3, and BaCO3 were used as precursors, which 
were calcined at 900–1300 °C with a holding time of 4 h using a box furnace without 
atmospheric control. The sludge-free mixture A0F composed of -Fe2O3 and BaCO3 is 
used as a reference. 
For M-type hexaferrite production, it is clear that the iron source -Fe2O3 can be 
completely replaced by AMD sludge. The iron in the sludge, regardless of whether it is 
in the form of crystalline iron oxyhydroxide, poorly crystalline ferrihydrite, or ferric 
sulfate, first transforms to the intermediate -Fe2O3 phase and then participates in the 
reactions of hexaferrite production. In contrast, the other raw material BaCO3 can only be 
partially replaced by the calcium in the sludge to form calcium-substituted M-type barium 
hexaferrite. 
The presence of aluminum and silicon impurities in AMD sludge leads to formation of 
barium or calcium aluminosilicates in the calcined samples. Sulfur (another impurity in 
the sludge) may increase the temperature when M-type hexaferrite starts to form owing 
to barium or calcium sulfate formation in the precursor. 
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Using AMD sludge as an alternative raw material in M-type hexaferrite preparation also 
affects the particle shape and size of the calcined sample. The sludge-free A0F series 
exhibit plate-like shaped grains of M-type hexaferrite with random orientations. The 
grains grow larger and thicker with increasing calcination temperature. In the case of 
AMD sludge-derived series, the sintering phenomenon is observed above 1200 °C, and 
the particles grow as spiral hillocks with small steps. The impurities in the sludge are 
believed to lower the melting point, which results in a different crystal growth model from 
the sludge-free samples. 
A combined XRD and TG–MS study shows that the chemical composition and mineral 
composition of AMD sludge have a considerable effect on the reaction pathways and final 
calcination products. Impurities such as Al and Si are common in AMD sludge. There is 
competition between the CaO–BaO–Fe2O3 and CaO–BaO–Al2O3–SiO2 systems, which 




Chapter 5 Magnetic Properties of Acid Mine Drainage Sludge 
Derived Products 
In magnetic applications, the magnetization created under a certain applied magnetic field 
is important for evaluation of a material. As shown in Fig.5.1, if we start with a 
demagnetized specimen, the magnetization increases with increasing applied magnetic 
field. In ferromagnetic materials, the magnetization flattens out at a value called Ms 
(saturation magnetization) at high fields. After the material is saturated, when the applied 
field is reduced to zero, the magnetization does not return to zero but to Mr (remanent 
magnetization). To reduce the magnetization to zero, a reverse field called coercive force, 
or coercivity (Hc), is needed. The magnetic properties Ms, Mr, and Hc are important for 
magnetic applications. 
Figure 5.1.  Hysteresis loop 
The magnetic properties of representative mixtures A0F, A2F, A0B, and A2B calcined at 






free A0F series showed a larger Ms, and Mr than other three series in the whole temperature 
range, and their hysteresis loops exhibited as a permanent magnet. The AMD sludge-
derived A2F series showed a lower Ms, and Mr than A0F series, whereas the changes 
responded to calcination temperature are similar. The A0B and A2B series exhibited a 
totally different shape of hysteresis loops. For specimen calcined at lower temperature, 
the results suggested presence of paramagnetic component. When the temperature is 
above 1100 °C, the hysteresis loops started to look like ferromagnetic.  
Revisit the XRD patterns of mixtures A0F, A2F, A0B, and A2B calcined at 900~1300 °C, 
it is evident that Ms is in good agreement with M-type hexaferrite phase content. For Hc, 
a relationship with microstructure was observed. The drop in Hc accompanied with the 
rise of grain size. Calcination temperature and holding time are factors for grain size. 
Higher temperature and longer holding time contribute to larger grain size. Impurities 
content also affect grain size. For sludge-derived products, the particles melted and grew 
to spiral hillocks after being calcined at 1200 °C and above, which resulted in a lower Hc. 
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Chapter 6 Leaching Behavior of Acid Mine Drainage Sludge 
Derived Products 
Leaching behavior of thermal treated and untreated AMD sludge was discussed in 
Chapter 3. The results showed that arsenic in AMD sludge is a big challenge for recycling. 
One of the advantages of hexaferrite is its good chemical stability. The leaching behavior 
of representative samples calcined at 1300 °C for 4 h were evaluated by a toxicity 
characteristic leaching procedure (TCLP).  
The results indicated that M-type hexaferrite phase had the highest stability, followed by 
the crystalline aluminosilicates. The amorphous phases were easiest to be leached. 
Furthermore, M-type hexaferrite phase showed high effectiveness to lower the 
concentration of arsenic in leachate as we expected.  
The XRD patterns and micrographs of acid-leached residues were compared with as-
prepared products. There were no significant changes observed in the XRD patterns after 
acid leaching. It confirmed that the acid leachable fraction mainly partitions in the 
amorphous phase. However, the variations on micrographs are obvious. After acid 
leaching, the amorphous phases in the surface and grain boundaries dissolved. 
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Chapter 7 Conclusions and Suggestions 
This study reused AMD sludge as alternative material to prepare M-type hexaferrite. 
From the economic feasibility aspect, a solid-state process without preliminary 
purification was chosen. Impurities in the sludge, especially the arsenic content, are 
challenge for the preparation and application. XRD, FE-SEM, TG-MS, PPMS, and TCLP 
were used to investigate the properties of as-prepared products.  
M-type hexaferrite was considered as a promising candidate for AMD sludge recycling 
for its wide range applications and high stability. Sludge A and Sludge B were added in 
different proportion with BaCO3 and -Fe2O3 to prepare M-type hexaferrite. The results 
show M-type hexaferrite can be obtained with small amount of BaCO3. However, the 
impurities Al and Si would have negative effect on the efficiency of Ca and Ba in M-type 
hexaferrite preparation. And the impurity sulfur was believed to contribute a rise in the 
temperature of M-type hexaferrite formation. The difference in shape between sludge-
derived products and sludge-free products also suggests different potential applications. 
The magnetic properties of representative products were investigated for the potential 
applications. The difference in characteristics of representative products was a 
consequence of different shape and grain size. Furthermore, M-type hexaferrite phase 
content was confirmed to be responsible for the saturation magnetization of as-prepared 
products. The stability of products with relatively high magnetic properties were 
evaluated by a TCLP process. M-type hexaferrite phase showed high stability and high 
efficiency for lowing the concentration of arsenic in leachate by adsorption effect as we 
expected.  
